Background: Methyl-CpG binding domain 4 (MBD4) protein functions as a DNA repair enzyme and minimizes mutations at 5-methylcytosine. Polymorphisms in the DNA repair gene MBD4 may be associated with differences in DNA repair capacity and thereby influence an individual's susceptibility to lung cancer. To test this hypothesis, we examined the potential association between the MBD4 Glu346Lys polymorphism and the risk of lung cancer in a Korean population. Methods: The MBD4 Glu346Lys genotypes were determined in 432 lung cancer patients and 432 healthy age-and gender-matched control subjects. Results: The distribution of the MBD4 Glu346Lys genotypes was not significantly different between the overall lung cancer cases and the controls. However, when the cases were categorized by tumor histology, the Lys346Lys genotype was associated with a significantly decreased risk of adenocarcinoma (AC) as compared with the Glu346Glu genotype [adjusted odds ratio (OR) = 0.50, 95% confidence interval (CI) = 0.26-0.97, P = 0.04]. On the stratification analysis, the protective effect of the Lys346Lys genotype against AC was statistically significant in older individuals and heavier smokers (adjusted OR = 0.08, 95% CI = 0.01-0.64, P = 0.02; and adjusted OR = 0.09, 95% CI = 0.01-0.72, P = 0.02, respectively). Conclusions: Our findings suggest that the MBD4 Glu346Lys polymorphism could be used as a marker for genetic susceptibility to AC of the lung.
INTRODUCTION
Although cigarette smoking is the major cause of lung cancer, only a fraction of smokers develop lung cancer during their lifetime, and this suggests that genetic constitution is important in determining an individual's susceptibility to lung cancer (1, 2) . This genetic susceptibility may result from inherited polymorphisms in the genes that are involved in carcinogen metabolism and repair of DNA damage (3, 4) .
DNA cytosine methylation in CpG dinucleotides is a major epigenetic mechanism that regulates chromosomal stability and gene expression (5, 6) . Many human cancers, including lung cancer, have both global hypomethylation and regional hypermethylation of CpG islands (7) (8) (9) (10) . Such aberrant DNA methylation may contribute to carcinogenesis in several ways. Hypomethylation may lead to chromosomal instability, reactivation of transposable elements and loss of imprinting (8, 11) . De novo hypermethylation of promoter CpG islands may lead to silencing of tumor suppressor genes and DNA repair genes (6, 8, 11) . Methylated CpG sequences may increase susceptibility to attack by some environmental carcinogens (12, 13) . Methylation of CpG sequences may facilitate C-to-T transitions in tumor suppressor genes and/or oncogenes through deamination of 5-methylcytosine to thymine (14) .
Methylated CpG sites are recognized by a family of protein factors containing methyl-CpG binding domain (MBD); to date, five family members have been identified in mammals: MeCP2, MBD1, MBD2, MBD3 and MBD4 (15) (16) (17) . Four of these proteins, MeCP2, MBD1, MBD2 and MBD3 play important roles for methylation-mediated transcriptional silencing by recruiting chromatin modifying factors, such as histone deacetylases, to the methylated promoters (16, 17) . In contrast to the other family members, MBD4 protein has a thymine glycosylase activity and it binds preferentially to 5mCpG-TpG mismatches, which are the primary products of deamination of methyl-CpG. Therefore, MBD4 protein is thought to function as a DNA repair enzyme that minimizes mutations at 5-methylcytosine (18) (19) (20) . In addition to its role in the DNA repair, MBD4 also plays an important role in genomic surveillance and apoptosis by interacting with the mismatch repair/tumor suppressor protein hMLH1 and the Fasassociated death domain protein (21) .
Single nucleotide polymorphisms are the most common form of human genetic variation, and they may contribute to the individual susceptibility for lung cancer. We previously demonstrated that some variants in the DNA repair genes affect either the expression or the activities of enzymes and therefore, they are associated with the risk of lung cancer (22) (23) (24) . Thus, we hypothesized that functional polymorphisms in the MBD4 gene may have an impact on MBD4 expression or activity, and so they modulate the susceptibility to lung cancer. To test this hypothesis, a case-control study was conducted to evaluate the association between the MBD4 polymorphism and the risk of lung cancer. Among the MBD4 polymorphisms identified, this study focused on the Glu346Lys polymorphism (rs140693) because this polymorphism has been reported to be associated with the risk of esophageal squamous cell carcinoma even though the functional significance of this polymorphism remains to be investigated (25) .
MATERIALS AND METHODS

STUDY POPULATION
This case-control study included 582 lung cancer patients and 582 healthy controls. The method used for subject enrollment was the same as for our previous studies (26, 27 (28) . The high prevalence of male and SCC in the study population might be due to the very high smoking rate among males (68.3%) and low smoking rate among females (6%) in Korea (28) . The control subjects were randomly selected from a pool of healthy volunteers who visited the general health check-up center at Kyungpook National University Hospital during the same period. The control subjects were frequency matched (1:1) to the cancer cases based on gender and age (-5 years). All the cases and the controls were ethnic Koreans and they resided in Daegu City or the surrounding regions. A detailed questionnaire was completed for each patient and control by a trained interviewer. The questionnaire included information on the average number of cigarettes smoked daily and the number of years the subjects had been smoking. For smoking status, a person who had smoked at least once a day for >1 year in his or her lifetime was regarded as a smoker. A former-smoker was defined as one who had stopped smoking at least 1 year before either the diagnosis of lung cancer (cases) or the date the informed consent form had been signed (controls). Cumulative cigarette dose (pack-years) was calculated using the following formula: pack-years = (packs per day) · (years smoked).
MBD4 GENOTYPING
Genomic DNA was extracted from peripheral blood lymphocytes by proteinase K digestion and phenol/chloroform extraction. The MBD4 Glu346Lys genotype was determined using a PCR-RFLP assay. The PCR primers (GenBank accession no. NT_005612) for the MBD4 Glu346Lys polymorphism (35650605G>A) were 5 0 -GTATG GGCACGAATACAAGA-3 C. The digested PCR products were resolved on 6% acrylamide gel and stained with ethidium bromide for visualization under UV light. Genotyping analysis was performed "blind" with respect to the case/control status in order to ensure quality control. Approximately 10% of samples were randomly selected to be genotyped again by a different author, and the results showed 100% concordance. The genotyping results were confirmed by examining selected PCR-amplified DNA samples (n = 2, respectively, for each genotype) by DNA sequencing. The results were also 100% concordant.
STATISTICAL ANALYSIS
Cases and controls were compared using a Student's t-test for continuous variables and a w 2 test for categorical variables. The Hardy-Weinberg equilibrium was tested with a goodnessof-fit w 2 test with one degree of freedom for comparing the observed genotype frequencies with the expected genotype frequencies among the subjects. Unconditional logistic regression analysis was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs), with adjustment for the possible confounders (gender as a nominal variable; age and pack-years of smoking, as continuous variables). Multiple logistic regression analyses were performed to analyze the association between the genotypes and risk of lung cancer after stratification into age (median age), gender, smoking status, cigarette consumption (median pack-years) and histological types of lung cancer. All analyses were performed using Statistical Analysis Software for Windows, version 8.12 (SAS institute, Gary, NC, USA).
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RESULTS
PATIENT CHARACTERISTICS
The demographics of the cases and controls enrolled in this study are shown in Table 1 . There were no significant differences between the cases and controls in mean age or gender distribution, suggesting that the matching based on these two variables was adequate. The case group had a higher prevalence of current-smokers than the controls (P < 0.001), and the number of pack-years in smokers was significantly higher in the cases than in the controls (40.0 -17.7 versus 34.1 -17.8 pack-years; P < 0.001). These differences were controlled for in the later multivariate analyses.
ASSOCIATION BETWEEN MBD4 GENOTYPES AND THE RISK OF LUNG CANCER
The genotype and polymorphic 346Lys allele frequencies of the MBD4 Glu346Lys polymorphism among the controls and cases are shown in Table 2 . The distribution of the genotypes among the controls was in the Hardy-Weinberg equilibrium.
The frequencies of the Glu/Glu, Glu/Lys and Lys/Lys genotypes among the overall lung cancer cases (48.1, 43.1 and 8.8%, respectively) were not significantly different from those among the controls (44.2, 44.5 and 11.3%, respectively). When the cases were categorized by the tumor histology, the frequency of the Lys/Lys genotype among AC cases (5.9%) was significantly lower than that among the controls (11.3%; P = 0.02), and the Lys346Lys genotype was associated with a significantly decreased risk of AC compared with the Glu346Glu genotype (adjusted OR = 0.50, 95% CI = 0.26-0.97, P = 0.04). Adjusted ORs were similar to crude ORs. No significant association was found between the Glu346Lys genotypes and the risk of SCC or SmCC ( Table 3) . The association between the MBD4 Glu346Lys genotypes and the risk of AC was further examined after stratification according to gender, age and smoking status. Because the risk of lung cancer for the Glu346Lys genotype was similar to that of the Glu346Glu genotype, we combined the Glu346Lys genotype with the Glu346Glu genotype into one group and used it as the reference group. The risk estimates for the Lys346Lys genotype are presented in Table 4 . When stratified by median age, a significant reduction in risk was observed in the older individuals (adjusted OR = 0.08, 95% CI = 0.01-0.64, P = 0.02), while there was no significant association in younger individuals (adjusted OR = 0.89, 95% CI = 0.43-1.84). When the ever-smokers were dichotomized by median pack-years of smoking, the Lys346Lys genotype was associated with a significantly decreased risk of AC in heavier-smokers (adjusted OR = 0.09, 95% CI = 0.01-0.72, P = 0.02), while there was no significant association in the lighter-smokers.
DISCUSSION
This is the first study showing that the MBD4 Glu346Lys polymorphism is associated with a significantly decreased risk of AC of the lung. This finding suggests that this polymorphism could be used as a marker for genetic susceptibility to AC of the lung. Of three major histological types of lung cancer, the proportion of AC is increasing worldwide. Thus, identification of genetic factors that are responsible for sus- 
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ceptibility to AC is indispensable for establishing novel and efficient ways of preventing the disease. An interesting finding of this study is that the MBD4 polymorphism had a more pronounced association with AC. Although the reasons for the observed histology-dependent difference in risk conferred by the MBD4 polymorphism are unclear, this difference might be due to differences in the pathways of carcinogenesis among the different histological types of lung cancer (29, 30) . Therefore, genetic factors involved in the susceptibility to cancer can differ according to the histological subtypes of lung cancer (31) (32) (33) (34) (35) . In our previous studies (26, 27) , there was also a significant association between DNMT3B and MBD1 polymorphisms and the risk of AC. This suggests that genetic variants in the DNA methylation-related genes including DNMT3B, MBD1 and MBD4 might have a pronounced association with development of AC. Among the various carcinogens in tobacco smoke, tobacco-specific N-nitrosamines such as 4-(methylnitrosamino)-1-(pyridyl)-1-butanone (NNK) are known to be important causative agents for AC (29) . DNA 
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methylation is the critical pathway for NNK-induced lung tumorigenesis (36, 37) . Therefore, it is possible that genetic variants of the MBD4 gene, which are involved in the repair of methylated adducts of CpG sequences, play an important role in determining the genetic susceptibility to AC. On the other hand, SCC and SmCC have been linked to polyaromatic hydrocarbons such as benzo[a]pyrene (29) . PAHs preferentially induce bulky helix-distorting adducts such as benzo[a]-pyrene guanine adducts which result in G:C to T:A transversions. These bulky helix-distorting adducts formed by PAHs are mainly repaired through the nucleotide excision repair pathway (38) . Hence, it is conceivable that polymorphisms in the MBD4 gene play only a minor role in determining the risk of SCC and SmCC. However, it is possible that these findings were due to chance because of the relatively small number of subjects in the subgroups, particularly in the SmCC group. Therefore, large studies will be needed to confirm this finding.
Several recent studies have shown that mutations in the kinase domain of the epidermal growth factor receptor gene, like the K-ras mutations, frequently target AC; but they are more frequent in never-smokers, females and the East Asian populations, while the K-ras mutations are more frequent in smokers, males and the Western populations (39, 40) . These observations suggest that ACs arising in the never-smokers and smokers may be caused by different etiologies relating to environmental risk factors and also genetic susceptibility factors (39) (40) (41) . Therefore, we performed a stratification analysis to examine if the MBD4 genotypes may have differential effects on the risk of AC according to age, gender and the smoking status. In the present study, the MBD4 polymorphism had a more pronounced association with AC in heavier-smokers. However, because the number of subjects in the subgroups was small, our findings from the stratified analyses should be interpreted with caution before being confirmed in larger studies.
Hao et al. (25) reported that the MBD4 Lys346Lys genotype was associated with a 1.25-fold increased risk of esophageal SCC in a Chinese population. In contrast, in the present study, the Lys346Lys genotype was associated with a significantly decreased risk of lung AC. Although the reasons for the discrepant results between the previous and the present studies are unclear, it is possible that differences in the etiologies and target genes somatically altered during carcinogenesis between lung AC and esophageal SCC caused the different results. Therefore, the genetic susceptibility factors for lung AC might be different from those for esophageal SCC (25, 42) . Sakiyama et al. (42) recently reported that the MBD4 Glu346Lys polymorphism was not associated with the risk of lung cancer in a Japanese population. The different results in Japanese and Korean studies might be due to ethnic and environmental differences. There is increasing evidence of different impacts of genetic polymorphisms on the risk of lung cancer between Japanese and Koreans (24, 42, 43) . However, given that the protective effect of the Lys346Lys genotype against AC was significant only in older individuals and heavier-smokers in the present study, it is possible that the difference in the results between the two studies may be due to the differences in the age and smoking status of the study subjects. In addition, inadequate study design such as nonrandom sampling, limited sample size and the pitfalls arising from unknown confounders also need be considered. The selection bias in a hospital-based case-control study might also be a relevant issue. Given that most lung cancer patients are treated at a University Hospital in Korea, it is reasonable to assume that the case group is representative of lung cancer cases in our community. Another selection bias might have been derived from the controls who did not participate in this study. However, self-selection bias is unlikely given that the age and gender distribution of the non-participating controls were similar to those of the participating control subjects in this study. The fact that the allele and genotype frequencies among the control subjects are consistent with those derived from the Hardy-Weinberg equilibrium further supports the non-biased sampling of our study. However, because the numbers of subjects in the subgroups were relatively small, larger studies will be needed to validate the genetic effect of the MBD4 polymorphism on lung cancer.
Whether the MBD4 Glu346Lys polymorphism itself affects MBD4 activity or is in linkage disequilibrium with other functional polymorphisms remains to be investigated. Although this polymorphism causes a neutral substitution not residing in any of the known functional domains, an amino acid change from acidic Glu to basic Lys could alter its interaction with damaged DNA. An alternative explanation for the association between the polymorphism and the risk of lung cancer may be due to linkage disequilibrium with either other MBD4 variants or with an adjacent true susceptible gene.
In this study, the frequency of the variant 346Lys allele among healthy controls was 0.336 and was similar to that (0.358) of cancer-free Chinese (25) . The frequency of the 346Lys allele reported in the NIH Database (http://www.ncbi. nlm.nih.gov /SNP) ranges from 0.000 of African Americans to 0.311 of Native Americans and Hispanic, and it was 0.212 in 85 subjects from the Pacific Rim. Ethnic variation in the MBD4 polymorphism warrants additional studies to clarify the association of the MBD4 polymorphism with the risk of lung cancer in different ethnic populations.
In conclusion, we found that the MBD4 Glu346Lys polymorphism was significantly associated with the risk of lung cancer, and particularly AC. This finding suggests that the MBD4 gene may be involved in the development of lung cancer, although additional studies having larger sample sizes are required to confirm our findings. Future studies on the other MBD4 sequence variants and their biologic function are also needed to understand the role of the MBD4 polymorphism in determining the risk of lung cancer. Moreover, since genetic polymorphisms often vary between different ethnic groups, further studies are needed to clarify the association of the MBD1 polymorphism with lung cancer in different ethnic populations.
